ABSTRACT. The retina is protected from somatic circulation by the blood-retinal barrrier (BRB) composed of tight junctions between retinal vascular endothelial cells (the inner BRB) and those between retinal pigment epithelial cells (the outer BRB). Our recent studies showed that glial cell line-derived neurotrophic factor (GDNF) secreted from astrocytes regulates the permeability of the BBB. In the present study, we immunohistochemically examined the expression of GDNF, neurturin (NTN) and their receptors, GFR= = = =1 for GDNF and GFR= = = =2 for NTN, because the capillaries of the inner BRB show specialization very similar to the blood-brain barrier (BBB). GDNF and NTN were detected in glial fibrillary acidic protein (GFAP)-positive cells, including Müller cells. GFR= = = =1 and GFR= = = =2 were localized in von Willebrand factor-positive cells. GDNF and NTN enhanced the barrier function of endothelial cells derived from porcine brain cortex. These results strongly suggest that the barrier function of the BRB is regulated by GDNF and NTN secreted from glial cells, like the BBB.
The blood retinal barrier (BRB) composed of the inner BRB and the outer BRB has an important role in maintaining the homeostasis of the retina (Chuha-Vaz et al., 1966; ChuhaVaz, 1976) . The endothelial cells of the retinal capillaries form the inner BRB and the pigment epithelial cells form the outer BRB. The inner BRB is considered to be almost the same as the blood-brain barrier (BBB) in nature, except for fatty acid transport (Alberghina, 1998) . The anatomical structures of the BRB, i.e., well-developed tight junctions, the paucity of pinocytotic vesicles and the intimate relationship between astrocytes and capillaries, are very similar with those of the BBB. Particularly the capillaries in the retina are surrounded by the end-feet of glial cells, like the BBB. Thus, the glial cells are thought to exert an enhancing effect on the barrier function of the BRB, although the molecular mechanisms have yet to be fully clarified (Small et al., 1993; Tout et al., 1993) .
Glial cell line-derived neurotrophic factor (GDNF) and neurturin (NTN) are the first two members of the GDNF family (GF). GDNF is reported to maintain dopaminergic neurons and peripheral motor neurons. Similarly, NTN is reported to have a wide spectrum of biological effects on various kinds of neurons, and its amino acid sequence is 42% identical to GDNF (Henderson et al., 1994; Kotzbauer et al., 1996; Lin et al., 1993) . GDNF and NTN specifically bind to GF family receptor = components 1 and 2 (GFR=1, GFR=2), respectively (Baloh et al., 1998; Durbec et al., 1996; Jing et al., 1996; Treanor et al., 1996; Trupp et al., 1996) . Although GDNF and NTN play roles in survival of retinal ganglion cells and the development of the retina (Carwile et al., 1998; Jomary et al., 1999) , there are no reports focusing on the relationship between these factors and the BRB.
Our previous studies demonstrated that capillary endothelial cells forming the BBB have GFR=1 and that the barrier function of the cells is enhanced by GDNF (Igarashi et al., 1999; Yamada-Sasamori et al., 1997) . The anatomical similarity between the BBB and the inner BRB prompted us to examine the expression of GDNF, NTN, GFR=1 and GFR= immunohistochemically. This is the first report that the BRB is regulated by GDNF and NTN, which are secreted from glial cells in the retina.
Materials and Methods

Animals
All procedures were conducted in a manner consistent with the Association for Research in Vision and Ophthalmology Resolution on the Use of Animals in Research. All the animals were given water and fed ad libitum, and were maintained on a 12hr light/12hr dark cycle. Male Sprague-Dawley rats weighing 250-350g were anesthetized with ether and sacrificed by decapitation. The nucleated eyes were immediately embedded in Tissue-Tek Cryomold 1 with O.C.T. compound (Miles Inc., Elkhart, IN, U.S.A.) and stored at -80°C until use. The 6-mm-thick frozen sections were fixed in cold mixture of methanol and acetone (1:1) for 5 min.
Immunohistochemistry Double-immunofluorescent staining was carried out by the sequential incubation of a mixture of primary antibodies raised in different animal species and of a mixture of corresponding speciesspecific secondary antibodies. After rinsing with phosphatebuffered saline (PBS), the slides were incubated overnight with the primary antibody at 4°C. Primary antibodies used were: rabbit anti-GDNF (1:40), goat anti-GFRa1 (1:40), goat anti-NTN (1:40), goat anti-GFRa-2 (1:40), rabbit anti-von Willebrand factor (1:200), rabbit anti-Ret (1:40) (Santa Cruz Biotechnology Inc., CA, U.S.A.) and mouse anti-glial fibrillary acidic protein (GFAP) (1:100) (BioGenex, San Ramon, CA, U.S.A.). Sections were then further incubated with the appropriate secondary antibody (DAKO A/S, Glostrup, Denmark) for 1 hr at room temperature. Fluorescein isothiocyanate (FITC)-conjugated porcine anti-rabbit lgG (1:100), FITC-conjugated rabbit anti-goat lgG (1:100), tetramethylrhodamine isothiocyanate (TRITC)-conjugated porcine anti-rabbit lgG (1:100), and TRITC-conjugated rabbit anti-mouse lgG (1:100) were used as secondary antibodies. All samples were examined with a Nikon Fx epifluorescence photomicroscope (Nikon, Tokyo, Japan). 
Isolation and culture of porcine brain capillary endothelial cells
Porcine brain capillary endothelial cells were purified by the procedure of Abbott et al. (1992) with slight modification (YamadaSasamori et al., 1997). Briefly, after peeling off the meninges and choroid plexus from brains obtained from miniature pigs weighing about 20 kg, the cortical gray matter was carefully resected and minced with scissors into small pieces and digested in 0.25% dispase (Godo Shusei, Tokyo, Japan) and 0.12% collagenase (Yakult, Tokyo, Japan) in Ca-and Mg-free Hanks' balanced saline solution at 39°C for 60 min. During the enzyme digestion, the solution containing the tissues was bubbled with a mixture of 95% O2 and 5% CO2. After extensive pipetting, the capillaries were separated from the remaining slurry by centrifugation at 1,000´g for 15 min in PBS containing 25% bovine serum albumin. , 1997) . After 4-day cultivation without vincristin after passage, the medium of the endothelial cells was changed to medium containing NTN at various concentrations, 125 nM 8-(4-chlorophenylthio) cAMP (CPT-cAMP; Sigma) and 17.5 nM phosphodiesterase inhibitor, R020-1724 (RBI, Natick, MA, U.S.A.).
Measurement of transendothelial electrical resistance (TER)
TER of endothelial cells on filters was measured using an Epithelial Voltohmmeter (World Precision Instruments, Sarasota, FL, U.S.A.) equipped with STX-2 Ag/AgCl electrodes (World Precision Instruments). TER measurements were performed at 37°C on a thermal plate (Fine, Tokyo, Japan) after 8-hr treatment with the agents. TER was expressed in standard units of ohm ´ cm 2 . For calculation of the resistance of endothelial cell monolayers, resistance of blank filters was subtracted from that of filters covered with cells. Each value was calculated from 5 or 6 cultures. Results are given as means±SD. Differences between groups were tested by two-tailed Student's t test for unpaired data (Igarashi et al., 1999; Utsumi et al., 2000; Yamada-Sasamori et al., 1997) .
RESULTS
Since GDNF is secreted from astrocytes, which are positive for GFAP, in the brain, the distribution of GDNF-producing cells was examined by double-immunostaining of GDNF and GFAP. Figs. 1A and 1B clearly demonstrate that GFAP-positive cells strongly reacted with antibody against GFAP. Figs. 1C and 1D also demonstrate that NTN was clearly detected in GFAP-positive cells. At higher magnification (Fig. 2) , GDNF-positive cells were mainly localized in the inner layer of the neural retina and their processes were often seen in all layers of the neural retina, suggesting that GFAP-positive cells were a mixture of Müller cells and astrocytes in the retina, and secreted both GDNF and NTN. Next, the localization of GFRs was examined by a double-immunostaining technique. Since GFR=1 is exclusively Since it is wellknown that the inner BRB shows very similar characteristics to the BBB, capillary endothelial cells obtained from bovine brain cortex were treated with GDNF or NTN, to ascertain whether NTN enhanced the barrier function of the BRB. NTN significantly increased the TER of the cells at a concentration of 10 ng/ml (Table I) under cAMP-supplemented conditions. Supplementation of cAMP alone also increased TER to some extent, which was considered to result from the induction of circumferential actin bundles (Lin et al., 1993; Trupp et al., 1999; Utsumi et al., 2000) .
Discussion
The anatomical specialization of capillaries of the inner BRB is very similar to that of the BBB. In particular, astrocytes and/or Müller cells extend their processes to ensheath the capillaries. Astrocyte-conditioned medium has been reported to enhance barrier properties of the BBB (Janzer and Raff, 1987; Rubin et al., 1991) and Müller cells are considered to enhance those of the BRB (Carwile et al., 1998; Chunha-Vaz, 1976) . Thus, the active participation of astrocytes in regulating the BRB has been postulated, although the molecular mechanism has yet to be clarified. Taking into consideration our previous finding that GDNF enhances the barrier function of endothelial cells forming the BBB, the present findings strongly suggested that astrocytes and Müller cells regulate the BRB by secreting GDNF and/or NTN.
The results of double-immunostaining strongly suggested that both GDNF and NTN were produced and secreted from glial cells positive for GFAP in the retina. Of the retinal glial cells composed of Müller cells, astrocytes and microglia, we could not determine which cell type mainly secreted these factors. The GDNF-and NTN-positive cells with cellular processes extending into all layers of the neural retina like vines were judged to be Müller cells from their specific distribution and morphology.
Signals evoked by binding of GDNF and NTN to their receptors have been reported to be mediated through a multicomponent receptor complex consisting of tyrosine kinase type receptor Ret and either GFR=1 or GFR=2 (Baloh et al., 1998) , respectively. However, capillaries forming the BBB and the BRB are immunohistochemically negative for Ret (Utsumi et al., 2000) . Thus, the signal transduction systems of GDNF and NTN in endothelial cells are independent of Ret, as previously reported (Trupp et al., 1999) .
The capillaries forming the inner BRB bear a close similarity in various aspects to those forming the BBB, except for fatty acid transport (Alberghina, 1998) . Thus, the effects of GDNF and NTN on the function of tight junctions were examined using endothelial cells forming the porcine BBB. The present experiments clearly showed that NTN as well as GDNF significantly enhanced the barrier function of the endothelial cells forming the BBB, although the effective concentration of NTN was 10 times higher than that of GDNF. We consistently failed to detect expression of NTN in the endothelial cells forming the BBB by RT-PCR and immunohistochemistry (data not shown). Since it is reported that NTN cross-reacts to GFR=1 specific for GDNF as well as GFR=2 specific for itself (Baloh et al., 1998) , the difference in the effective concentration between GDNF and NTN may have occurred because the capillaries of BBB lack GFR=2. This is the first report that clearly shows that the capillaries of the BRB are positive for both GFR=1 and GFR=2, strongly suggesting that GDNF and NTN, which are secreted from glial cells, including Müller cells, regulate the barrier function of the BRB. 
